Tuberculous meningitis (TBM) is the most devastating presentation of disease with Mycobacterium tuberculosis [1] , and has emerged as a leading cause of bacterial meningitis in many areas due to the human immunodeficiency virus (HIV) epidemic [2] . Diagnostic delays are common, and the resulting delay in the initiation of effective antituberculosis therapy leads to inferior treatment outcomes [3] . Historically, guidelines for the treatment of TBM are based on pulmonary tuberculosis clinical trials [4] , but recent trials have explored alternate regimens for TBM. An intensified treatment regimen for TBM that included fluoroquinolones and increased intravenous rifampin dosing was shown to improve clinical outcomes among Indonesian TBM patients [5] , and rifampin concentrations in cerebrospinal fluid (CSF) were increased several-fold with intravenous therapy over standard therapy. However, a larger randomized trial of increased oral rifampin therapy, combined with a fluoroquinolone, among TBM patients in Vietnam failed to demonstrate a benefit [6] .
The management of drug-resistant TBM is challenging, given the time required to obtain drug susceptibilities, the paucity of data on the effectiveness of second-line antituberculosis drugs for the treatment of meningitis, and limited data regarding the utility of rapid molecular diagnostic techniques for the detection of drug-resistant M. tuberculosis in samples of CSF [7] . Isoniazid resistance is the most common form of drug-resistant tuberculosis worldwide, and studies from the United States [8] and Vietnam [9] have demonstrated an increased risk of death among TBM patients with isoniazid-resistant disease. The role of isoniazid in successful therapy of TBM may be due to its bactericidal activity and penetration into the central nervous system (CNS) [10] . Multidrug-resistant (MDR) TBM, defined as infection with M. tuberculosis strains resistant to both isoniazid and rifampin, has a mortality rate approaching 100% [9, 11, 12] .
Neurologic injury is the hallmark of TBM pathogenesis [13] , and many survivors suffer from residual motor and cognitive impairments [14] [15] [16] [17] . The long-term consequences of neurologic disability following TBM remain poorly understood. Survivors of TBM with severe cognitive or motor disabilities may remain at higher risk of death from other causes [18] , and consequently the assessment of mortality during antituberculosis therapy may fail to capture the total mortality burden of TBM. To date, no longitudinal studies have examined the relationship between initial drug resistance patterns and the long-term mortality of TBM patients beyond the completion of therapy. We sought to determine the relationship between the initial drug resistance patterns and long-term mortality among TBM patients in New York City, a setting with intensive case-finding resources, regular performance of drug susceptibility testing, and access to second-line antituberculosis drugs.
METHODS

Setting and Population
We performed a retrospective cohort study of patients with TBM reported to the New York City tuberculosis registry between 1 January 1992 and 31 December 2001. The registry included information collected from patient interviews and medical record reviews using standard data collection instruments. Patients with TBM were identified by the presence of a positive culture of CSF or CNS tissue (brain or meninges) for M. tuberculosis, which was consistent with the clinical research definition of a confirmed case of TBM [19] . The study population was limited to TBM patients whose isolates had known drug susceptibility results for isoniazid and rifampin, in order to examine the relationship of resistance to these drugs with long-term mortality.
Data Collection
All patients with tuberculosis were actively followed by the New York City Department of Health and Mental Hygiene (DOHMH) from the time of reporting until completion of therapy, transfer out of New York City, loss to follow-up prior to treatment completion, or death. We reviewed inpatient medical records, where available, with additional TBM-specific information abstracted by trained Bureau of Tuberculosis Control staff. The presence of HIV infection was ascertained by review of medical records, and additionally from a match with the New York City HIV Surveillance Registry.
The drug resistance pattern was defined by the earliest drug susceptibility testing results from a CNS site (either CSF or tissue culture). In cases where drug susceptibility testing results from the CNS site were unavailable, drug susceptibility results from cultures coincident with the diagnosis of TBM were substituted (eg, drug susceptibility testing of a sputum culture closest to the time the positive CSF culture was obtained). Susceptibility testing was performed by the BACTEC radiometric method (Becton Dickinson and Co, Sparks, New York) for isoniazid, rifampin, pyrazinamide, ethambutol, and streptomycin for most isolates [20] , and with standard proportion method with Middlebrook 7H10 media for both first-and second-line drugs for all isolates [21] . Most of these tests were conducted at 2 reference laboratories, the New York City DOHMH and the New York State Department of Health, Wadsworth Center, Albany.
Date of death was ascertained by matching the TBM patient demographic data found in the tuberculosis registry with death certificate data for 1992-2012 from the New York City Office of Vital Statistics (OVS), which maintains data collected from death certificates issued in New York City. A probabilistic match was performed between the tuberculosis registry and the OVS death records. We also reviewed the cause of death to identify additional TBM patients with HIV coinfection who had not been captured by either medical records review or the New York City HIV Surveillance Registry matching. In these instances, we reasoned that HIV coinfection was likely present at the time of TBM diagnosis, given the causal relationship between HIV and development of CNS infection with M. tuberculosis [22] .
Statistical Analysis
We categorized drug resistance patterns as susceptible to both isoniazid and rifampin, resistant to isoniazid but not resistant to rifampin, resistant to rifampin but not resistant to isoniazid, and MDR. This classification scheme did not rule out resistance to other antituberculosis drugs (eg, ethambutol, pyrazinamide, or streptomycin).
Follow-up time was calculated from the date of the first positive CNS culture, which we defined as the date of TBM diagnosis, until either the date of death or censoring. We began follow-up time at the date of TBM diagnosis rather than the date of treatment initiation to prevent the introduction of immortal time bias among TBM patients who initiated antituberculosis therapy before the TBM diagnosis was established. Immortal time refers to the period of time when, by design, death cannot occur in the study population [23] . In this study, a TBM patient death can only occur after the diagnosis with TBM. Temporal trends were examined with the nonparametric extension of the Wilcoxon rank-sum test. Right censoring was performed after 10 years of follow-up time for all patients not known to have died by that time.
We constructed Kaplan-Meier survival curves to examine time to death or censoring, and then stratified according to initial drug resistance patterns and HIV status. As the receipt of antiretroviral drugs was not captured in this study, we further stratified HIV status according to year of diagnosis of TBM (before or after 1 January 1997), corresponding to the availability of protease inhibitors for the treatment of HIV infection [24, 25] . Comparison of survival curves was performed with the log-rank test.
Cox proportional hazards analysis was used to determine the independent association of initial drug resistance patterns with long-term survival. The models were adjusted for potential confounding factors, including age, race, sex, HIV infection, country of origin, homelessness (ever), concomitant pulmonary disease, and prior tuberculosis treatment. Variables remained in the multivariate model if the inclusion led to >15% change in the hazard ratio (HR) for the drug resistance pattern of interest [26] . HIV infection and age were included regardless of effect, based on clinical reasoning. The proportional hazard assumption was examined via interaction between the covariate of interest and follow-up time, and by examination of scaled Schoenfeld residuals [27] .
To compare the long-term survival of TBM patients who complete treatment with that of a demographically comparable population without TBM, we estimated a standardized mortality ratio (SMR), as described by Finkelstein et al [28] . Actuarial tables in the National Vital Statistics Report provide rates of death in the population according to age, race, and sex. The SMR is determined from the ratio of the observed deaths in the study group to the number of expected deaths in a demographically matched population, with the P value calculated by the 1-sample log-rank test.
Categorical data were compared using Pearson χ 2 or Fisher exact 2-tailed test, where appropriate. All statistical analyses were performed using Stata 13 software (StataCorp 2013, College Station, Texas), and figures were generated using GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, California). A 2-sided P value <.05 was considered to be statistically significant.
Ethical Approval
The study was approved by the Institutional Review Board of the New York City DOHMH. Figure 1) . Demographic and clinical characteristics of the study population are presented in Table 1 , stratified by drug resistance patterns. Patients with MDR TBM were more likely to be US born, HIV infected, and to have pulmonary tuberculosis. The proportion of TBM patients infected with HIV decreased during the study period (P < .001), as shown in Figure 1 . Among 204 TBM patients (63.0%) who were identified as infected with HIV, the diagnosis was established by medical records review for 185 patients (90.7%). Additional diagnoses of HIV infection were established for 7 patients (3.4%) by matching with the Bureau of HIV AIDS registry, and for 12 patients (5.9%) by review of the OVS death records.
RESULTS
Between
The 324 TBM patients initiating antituberculosis therapy had a median survival of 243 days (Figure 2A) . One hundred eightythree of 324 patients (56.5%) died before completing antituberculosis therapy, after a median survival of 23 days (IQR, 0-150 days). Among 117 TBM patients (36.1%) who completed antituberculosis therapy, the median treatment duration was 335 days (IQR, 308-399 days) from the date of diagnosis of TBM. The remaining 24 patients (7.4%) were lost to follow-up prior to treatment completion, after a median follow-up time of 215 days (IQR, 121-320 days). Survival curves according to HIV status are shown in Figure 2B , stratified by year of diagnosis (before or after 1 January 1997). Both groups of HIV-infected patients demonstrated decreased survival compared with patients without a known diagnosis of HIV infection (log rank P < .001 before 1 January 1997; P = .002 after 1 January 1997). The difference in survival for HIV-infected patients diagnosed with TBM before and after the widespread use of antiretroviral therapy did not reach statistical significance (P = .091), possibly reflecting smaller numbers of patients within these groups.
Kaplan-Meier curves stratified by drug susceptibility test results are shown in Figure 2C . There were 225 patients without isoniazidor rifampin-resistant disease, and 102 (45%) died during follow-up. Among 61 patients with MDR TBM, 58 died (95%, log-rank P < .001 compared with drug-susceptible). Among 32 patients with isoniazid-resistant, rifampin-sensitive disease, 18 died (56%; logrank P = .106 compared with drug-susceptible). Given that HIV infection was present in 57 of 61 TBM patients (93%) with multidrug resistance, and in 100% (6/6) of TBM patients whose isolates had rifampin resistance but isoniazid susceptibility, we were unable to estimate the association between rifampin resistance and mortality independent of the effect of HIV infection. Among all TBM patients with rifampin-resistant isolates, 63 of 67 patients (94%) died before the completion of therapy after a median of 31 days from collection of positive CSF specimen (IQR, 13-115 days), and 60 of these 63 patients (95%) were infected with HIV. Among 257 TBM patients whose isolates were susceptible to rifampin, HIV infection was found in similar proportions of TBM patients whose isolates were isoniazid susceptible (54.7%) or resistant (56%). All TBM patients with isoniazid-resistant isolates were initially treated with a regimen that included isoniazid. Among the clinical and demographic factors shown in Table 1 , HIV status and age were retained in the Cox regression model based on clinical reasoning.
Examination of the Kaplan-Meier survival curves for isoniazid-susceptible (rifampin-susceptible) and isoniazid-resistant (rifampin-susceptible) disease ( Figure 2C ) suggested a violation of the assumption of proportional hazards over time. This violation was confirmed by the scaled Schoenfeld residuals (P = .007). Based on prior work from Vietnam with similar results [9] , as well as the tuberculosis control practices that define the intensive phase as the first 60 days of treatment, we fit separate Cox models for the first 60 days following diagnosis, and from 60 days until the date of death or censoring (Table 2 ). In each of these models, we observed nonsignificant interaction terms for isoniazid resistance and log-transformed follow-up time (P = .97 during the first 60 days; P = .34 from 60 days until censoring), consistent with the assumption of proportional hazards during each of these time periods. An independent association between isoniazid resistance and mortality was observed after the first 60 days (adjusted HR, 1.94 [95% confidence interval [CI], 1.08-3.94]). HIV infection was associated with mortality during each time period, whereas an association between advanced age and mortality was only observed during the first 60 days.
Among 117 patients with drug-susceptible isolates who were reported to complete therapy, we compared the Kaplan-Meier survival curves with age-and sex-matched controls from US census data (Figure 3) . Compared with the reference population, we did not observe a difference in the SMR for survivors of TBM not known to be infected with HIV (SMR, 0.72 [95% CI, .35-1.50]). In contrast, among TBM patients infected with HIV, we observed an additional mortality burden in the immediate posttreatment time period, which continued throughout follow-up time (SMR, 13.25 [95% CI, ).
We performed a secondary analysis of 16 individuals <19 years of age at diagnosis (median, 4 years [IQR, 1-9.5 years]). Four of 16 (25%) children with TBM died before completing therapy, with 2 of 4 deaths occurring in children with HIV infection. One child was lost to follow-up before treatment completion. Among 11 children who completed therapy for TBM, there were no deaths during the 10-year follow-up period.
We performed 2 sensitivity analyses. First, we measured follow-up time from the date of antituberculosis treatment initiation, rather than the date that the positive CSF culture was collected. In a Cox model that included HIV infection and age, we observed that isoniazid resistance was associated with death after the first 60 days (adjusted HR, 2.09 [95% CI, 1.23-3.55]). Second, we included patients who died before initiating antituberculosis therapy in the Cox model that adjusted for HIV infection and age, and observed a significant association between isoniazid resistance and death after the first 60 days (adjusted HR, 1.94 [95% CI, 1.08-3.50]).
DISCUSSION
In this study of culture-confirmed TBM diagnosed over a 10-year period in New York City, we found that initial drug resistance and HIV infection were powerful predictors of allcause mortality over a 10-year follow-up period. Among TBM patients who died before completing antituberculosis therapy, most deaths occurred during the first month of treatment. As previously shown in this setting [29] , HIV infection was strongly associated with rifampin resistance, and we were unable to estimate the independent associations of HIV infection and rifampin resistance with mortality.
We found that the association of isoniazid resistance and mortality was time-dependent and became significant after the first 60 days of therapy. Given that second-line drugs are typically initiated once susceptibility results are available, it is surprising that the detrimental effect of isoniazid resistance was not evident during the initial phase of treatment. One explanation for this finding is that rifampin autoinduction of systemic clearance leads to declining rifampin CSF concentrations during the intensive phase of treatment [30] , which may then unmask the deleterious effect of isoniazid resistance. Isoniazid may also continue to offer benefit to TBM patients with low-level resistance, and the discontinuation of isoniazid in these patients once isoniazid resistance was reported may have led to clinical deterioration. The benefit of isoniazid among patients with low-level isoniazid resistance is currently being evaluated in a prospective clinical trial of pulmonary tuberculosis (AIDS Clinical Trials Group study 5312). Although acquired rifamycin resistance was not observed among TBM patients with isoniazid resistance in this study, baseline isoniazid resistance was associated with the emergence of rifamycin resistance among HIV-infected patients with tuberculosis in India [31] . The absence of an association between isoniazid resistance and early mortality could also reflect the smaller number of patients in this group. Our study had several limitations. We did not capture deaths if they occurred outside New York City. Adjunctive corticosteroids improve survival of TBM patients [32] . We had limited information regarding the use of corticosteroids for the study population, which precluded our ability to include this factor in the multivariate analysis. We also did not include the stage of disease at the time of presentation, which is an important predictor of survival [1] .
In summary, we observed an independent association between isoniazid resistance and death following the first 60 days of therapy for TBM. Among survivors not known to be infected with HIV, with an isolate susceptible to both isoniazid and rifampin, the long-term survival following completion of TBM treatment was similar to that of population controls. These findings support the evaluation of novel diagnostic and therapeutic approaches for suspected TBM, including the rapid assessment of both rifampin and isoniazid resistance using molecular methods [33, 34] , phenotypic drug resistance assays that provide a minimum inhibitory concentration (distinguishing between low-level and high-level isoniazid resistance) [35] , and intensified initial treatment regimens for patients with suspected drug-resistant TBM.
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